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Introduction: Graphene Optoelectronics
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AHC Neto et al., Rev. Mod. Phys., 2009, 81, 109.
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∙ 𝐸𝐹 ≈ ℏ𝜈𝑓 𝜋𝑝

∙ 𝜇 𝑝 ≈
𝜎

𝑒𝑝

Zero-bandgap, Linear DOS
Ultra high & tunable mobility

Highly confined 
graphene plasmon

∙ 𝜆𝑝 ∼
𝜆0

100

Easily controlled
plasmon frequency



Graphene Doping
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Chemical doping Electrical doping Photo doping

H. Liu et al., J. Mater. Chem., 2011, 21, 3335-3345
P. Qin et al., Nature communications, 2014, 5, 3834

∙ Pros: Permanent doping
∙ Cons: Passive control

∙ Pros: Dynamic control
∙ Cons: Fixed gating pattern

∙ Pros: Dynamic control
Reconfigurable doping



Mechanism of Photo-Doping
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Previous Works: Photo-Doping of Graphene
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PbS quantum dots ZnO quantum dots MoTe2

G. Konstantatos et al., Nature nanotechnology, 2012, 7.6, 363
W. Guo et al., Small, 2013, 9.18, 3031-3036
W. Yu et al., Small, 2017, 13.24

ZnO QDs

O2
-Si

SiO2

Au/Ti

Graphene ↑



Perovskite-Graphene Heterostructure
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W. J. Yin et al., Advanced materials, 2014, 26, 4653-4658

Large density of states
Large absorption
in visible spectrum

HOMO

3.9 eV

5.4 eV

LUMO

MAPbI3

Proper band alignment

4.7 eV



Previous Studies: Perovskite-Graphene Photo-Doping
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Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie and F. Yan, ACS applied materials & interfaces, 2017, 9, 1569-1576. 

Perovskite film(Lee, 2015)

Perovskite Island(Wang, 2015) Perovskite NW(Spina, 2015)

Au NPs(Sun, 2016) P3HT HTL(Xie, 2017)



Previous Studies: Responsivity- Focused
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Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie and F. Yan, ACS applied materials & interfaces, 2017, 9, 1569-1576. 

∙ Focused on responsivity only
∙ No discussion on doping level
∙ Different parameters of device geometry & measurement

Perovskite Island(Wang, 2015) Au NPs(Sun, 2016) P3HT HTL(Xie, 2017)



Thesis Statement
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“Enhanced Photo-Doping of Graphene
at Perovskite-Graphene Heterostructure.”

We demonstrate more than 50% increase of 
carrier density variation compared to previous studies
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Device Structure
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p-Si

Al
Au (Drain)Au (Source)

SiO2

MAPbI3

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3



Self Assembled Monolayers
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Solution: ODTS 10mM in TCE
Drop cast: 10s
Spin coating: 3000rpm 10s
Annealing: Ammonia gas
Post Annealing: 120℃ 20min
Rinse: Toluene 

∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

∙ Reduce surface traps, especially roughness.
∙ Grab dangling bond of SiO2

∙ Tune surface energy, especially reduce interfacial trapped water.
∙ Reduce remote interfacial phonon scattering
∙ Alkyl chain length is critical factor for effect of SAMs

M. Lafkioti et al., Nano Lett., 2010, 10, 4, 1149-1153
D. H. Kim et al., Adv. Funct. Mater., 2008, 18, 1363-1370
Y. Ito et al., J. AM. CHEM. SOC., 2009, 131, 26, 9396-9404
W. H. Lee et al., Adv. Mater., 2011, 23. 3460-3464
X. Wang et al., Adv. Mater., 2011, 23, 2464-2468
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p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

→ Spin Coating



Self Assembled Monolayers

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

→

∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

∙ Mobility Equation

14

μ = 
𝜎

𝑛𝑞
= 

𝐼𝑐ℎ⋅𝐿

𝑛𝑞⋅𝑉𝑐ℎ⋅𝑊

Without SAMs: μ ≈ 800 cm2/Vs

With SAMs:       μ ≈ 1000 cm2/Vs

<Improved mobility>

<Enhanced photocurrent> <Efficient carrier transfer>



Graphene
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3→

Graphene: CVD growth  (Graphene Square)
Spin coating: PMMA 950K A4 3000rpm 60s
Soft bake: 110℃ 15s
Cu etchant: Ammonium persulfate 0.15M
Float in APS → Scoop → Dry → Strip

Lee et al., Nano letters, 2010,10.2, 490-493

A. C. Ferrari et al., PRL, 2006, 97.18, 187401

<Raman spectrum of graphene>



Graphene
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3→

80°

Lee et al., Nano letters, 2010, 10.2, 490-493
M. Annamalai et al., Nanoscale, 2016. 8.10, 5764-5770

∙ Hydrophobic surface
∙ Band alignment

Hydrophobic

Problems

80 °



MoO3: Improved Wettability
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3→

MoO3 Deposition: 0.1Å/s (ADEC)
Target thickness: 2nm
Annealing: 150℃ 10min

M. Annamalai et al., Nanoscale,2016, 8.10, 5764-5770
Sung et al., Advanced Energy Materials, 2016, 6.3

1nm 55 ° 32 °2nm

25 °4nm 17 °8nm



MoO3: Improved Band Alignment
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3→

A. Fedorov et al., APS, 2010, 3, 46.
H. Liu et al., J. Mater. Chem., 2011, 21, 3335-3345.
D. Wei et al., Nano Lett., 2009, 9 (5), 1752-1758.
Sung et al., Advanced Energy Materials, 2016, 6.3
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<Fermi-level measurement> <Hole doped GFET>

MoO3 effect
Pros:

∙ Wettability ↑
∙ HOMO level alignment

Cons:
∙ Conductivity ↓
∙ Trap sites ↑



PEDOT:PSS
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

→

PEDOT:PSS: Clevios P VP Al 4083 (ADEC)
Target thickness: 30nm
Concentration: PEDOT:PSS : D.I. = 1 : 1
Spin coating: 5000rpm 30s
Annealing: 100℃ 10min

C. Wang et al., J. Phys. D: Appl. Phys., 2018, 51, 025110
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MAPbI3

HOMO

3.9 eV

5.4 eV

LUMO

PEDOT:PSSMAPbI3
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∙ Electron blocking layer
∙ HOMO alignment
∙ Interface Improvement

2 μm



PEDOT:PSS

∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

C. Wang et al., J. Phys. D: Appl. Phys., 2018, 51, 025110

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

→

20

W/o PEDOT:PSS

500 nm 500 nm500 nm

With PEDOT:PSS PEDOT:PSS with D. I.



MAPbI3
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∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

→

In Glove box, 2-step method
Substrate: PEDOT:PSS
CH3NH3I: 15.9mg in 1mL IPA 
PbI2 461mg in 1mL DMF 
Spin coating: 4000rpm 30s
Annealing: 100℃ 5min
CH3NH3I 15.9mg in 1mL IPA 
Drop cast: 90s
Spin coating: 3000rpm 30s
Annealing: 100℃ 5min

P. Su et al., Royal Society open science, 2017, 4.10, 170942
Y. Fu et al., JACS, 2015, 137.17, 5810-5818.

1 μm

Absorbance X Ray Diffraction Photoluminescence



1 μm

Summary of Fabrication Steps

22

∙ Operating principle 
∙ Device structure

→ SAMs
→ Graphene
→ MoO3

→ PEDOT:PSS
→ MAPbI3

∙ Measurement & Discussion

p-Si

SiO2

ODTS

MAPbI3

PEDOT:PSS
MoO3

∙ p-type {111} single crystal Si
∙ 300nm SiO2 - Dry oxidation
∙ 10mM ODTS - Spin coating
∙ Wet transferred graphene
∙ 2nm MoO3 - Metal evaporation
∙ 30nm PEDOT:PSS - Spin coating
∙ 400nm MAPbI3 in glove box - 2-step spin coating

SiO2 / ODTS

p-Si

MAPbI3

Gr/MoO3/PEDOT:PSS



Measuring Set-up
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∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

λ = 633nm



Measuring Set-up
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∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

<Beam spot size>



Photocurrent Measurement
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Photo-doping

3.5 eV

5.2 eV

MAPbI3 PEDOT:PSS
MoO3

doped 
graphene

HOMO

3.9 eV

5.4 eV

LUMO

Accumulated

Bottom gate (p-Si)

Au (Drain)Au (Source)

300nm SiO2

MAPbI3

Bottom gate (p-Si)

Au (Drain)Au (Source)

300nm SiO2

MAPbI3

+

-

+

Transferred

-
VSD



Photocurrent Measurement: I-t Characteristics
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Bi-exponential fit : 𝐼𝐿𝑖𝑔ℎ𝑡 = 𝐼𝐷𝑎𝑟𝑘 + 𝐴 𝑒𝑥𝑝
𝑡

𝜏1
+ 𝐵 𝑒𝑥𝑝

𝑡

𝜏2

where  τ1 ∶ Recombination and Generation related 
τ2 ∶ Trapping Process

Z. Jin et al., Sci. Rep., 2014, 4, 4268.

12.5 nW 185 nW 809 nW
Rising time (s) Falling time (s) Rising time (s) Falling time (s) Rising time (s) Falling time (s)

τ1 3.4 8.1 12 16 3.5 10

τ2 71 90 243 195 74 214

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

Iph ≈ 306 μA Iph ≈ 483 μA Iph ≈ 518 μA



Bottom Gated Graphene Field Effect Transistor
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Vg > Vdirac

VSD

Vg

Vg = Vdirac
Vg < Vdirac



Photocurrent Measurement: I-V Characteristics
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∙ Responsivity 
from 𝐼𝑝ℎ − 𝑉𝑔

∙ Photocurrent   
saturation

∙ 𝛥𝑝 ∝ 𝛥𝑉𝑔

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density



Comparison with Previous Works
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𝑅 ≡
𝐼𝑝ℎ

𝑃𝑖𝑛
, where 𝐼𝑝ℎ ∼ 𝑒𝛥𝑝𝜇𝑉𝑆𝐷

𝑊

𝐿
[A] ∙ Operating principle 

∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

∙ Different device parameter
∙ Photocurrent saturation
∙ Morphology of Perovskite

Problems

R =
10−4

P

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



Normalized Parameters
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Author Structure Shape W L VSD Illumination type VSD

W

L

Y. Lee
CVD-SLG\
MAPbI3

Film 1000 50 0.1 3um Laser 2

Y. Wang
CVD-SLG\
MAPbBr2I

Island 100 10 3 ? 30

M. Spina
CVD-SLG\
MAPbI3

Nanowire 10 10 10 X 10-3 4mm spot Laser 0.1

Z. Sun
Au NPs\CVD-
SLG\MAPbI3

Island 20000 40 10 Laser Spot? 5000

C. Xie
CVD-SLG\

P3HT\MAPbI3

Film 800 5 0.1 LED 16

Normalized 
parameters

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

𝐼𝑐ℎ = 𝑒𝑝𝜇𝑉𝑆𝐷
𝑊

𝐿
[A]

𝐼𝑝ℎ ∼ 𝑒𝛥𝑝𝜇𝑉𝑆𝐷
𝑊

𝐿
[A]

𝑅 ≡
𝐼𝑝ℎ

𝑃𝑖𝑛
[A/W]



Normalized Parameters
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<Before normalization> <Normalized>

∙ Different device parameter
∙ Perovskite Morphology
∙ Photocurrent saturation 

Problems

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

R =
10−4

P
R =

10−4

P

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



Discussion on Photocurrent Saturation
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Z. Lian et al., Scientific Reports, 2015, 5, 16563
J. Ding et al., Mat. Chem.and Phy., 2018, 204, 222-227
Richard H. B. et al., J. of Applied Phy., 1966, 37, 4132-4138.
D. Konrad et al., Adv. Func. Mat., 2015, 25, 6936-6947.
T. Mueller et al., Nature Photonics, 2010, 4, 28, 297-301

∙ Responsivity, R ∝ 1/Pin :  Photocurrent ≁ Incident Power

∙ Light absorption reduction

∙ Filling sensitizing center

∙ Screening effect

Transferred

P
h

o
to

-d
o

p
in

g

3.5 eV

5.2 eV

MAPbI3 PEDOT:PSS

MoO3

doped 
graphene

HOMO

3.9 eV

5.4 eV

LUMO

+

Accumulated

-

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density



Photocurrent and Photo-doping
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②
① ②

① ∙ 𝑄 = 𝐶𝑉 [C]

∙ 𝐶 = 𝜀 ⋅
𝐴

𝑑
[F]

∙ 𝛥𝑝 =
𝜀

𝑒𝑑
𝛥𝑉 [cm-2]

∙ 𝐼𝑑𝑎𝑟𝑘 = 𝑒𝑝0𝜇𝑉𝑆𝐷
𝑊

𝐿
[A]

∙ 𝐼𝑝ℎ ∼ 𝑒𝛥𝑝𝜇𝑉𝑆𝐷
𝑊

𝐿
[A]

∙ 
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
~

𝛥𝑝

𝑝0

∙ 𝑝0 =
𝜀

𝑒𝑑
(𝑉𝑑𝑖𝑟𝑎𝑐 − 𝑉𝑔) [cm-2]

∙ 𝛥𝑝 = 
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
× 𝑝0 [cm-2]

Calculation of carrier concentration variation
∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density



① Carrier Density Variation from △Vg
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① → 𝛥𝑝 =
𝜀𝛥𝑉𝑔

𝑒𝑑
[cm-2]

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



Limitations of Method ①
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① → 𝛥𝑝 =
𝜀𝛥𝑉𝑔

𝑒𝑑
[cm-2]

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

𝛥𝑉𝑔1

𝛥𝑉𝑔2 → ∞

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



② Carrier Density Variation from Iph / Idark
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② → 𝛥𝑝 =
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
×

𝜀𝛥𝑉𝑔

𝑒𝑑
[cm-2]

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



Limitations of Method ②
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② → 𝛥𝑝 =
𝐼𝑝ℎ

𝐼𝑑𝑎𝑟𝑘
×

𝜀𝛥𝑉𝑔

𝑒𝑑
[cm-2]

∙ Operating principle 
∙ Device structure
∙ Measurement & Discussion

→ Equipment
→ It Characteristics
→ IV Characteristics
→ Comparison
→ Normalization
→ Photocurrent saturation
→ Carrier density

∙𝑝0 =
𝜀

𝑒𝑑
(𝑉𝑑𝑖𝑟𝑎𝑐 − 𝑉𝑔) [cm-2]

Y. Lee et al., Advanced materials, 2015, 27, 41-46. 
Y. Wang et al., Advanced Optical Materials, 2015, 3, 1389-1396. 
M. Spina et al., Small, 2015, 11, 4824-4828. 
Z. Sun et al., Nanoscale, 2016, 8, 7377-7383. 
C. Xie et al., ACS applied materials & interfaces, 2017, 9, 1569-1576. 



Future Works: Other Approaches

38

∙ FT IR Measurement ∙ UPS Measurement ∙ Raman Spectrum

X. Dong et al., Small, 2009, 5, 1422-1426.



Further Approaches
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X. Dong et al., Small, 2009, 5, 1422-1426.
J. Xia et al., Nature nanotechnology, 2009, 4.8, 505.
Karpiak, Bogdan, et al, 2D Materials, 2017, 5.1, 014001.
Jang Min Seok et al., Physical Review B, 2014, 90.16, 165409.

∙ CV Characteristics ∙ Hall Effect Measurement ∙ Graphene Plasmon Resonance



Future Works: Application

40
Jang Min Seok et al., Physical Review B, 2014, 90.16, 165409.

1 μm



Conclusion

We demonstrate more than 50% increase of 
carrier density variation compared to previous studies

41
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